Tonically-activated neuronal currents mediated by N-methyl-D-aspartate receptors (NMDARs) 22 fast-spiking interneurons. We found that the magnitude of tonic NMDAR current is similar in 34 pyramidal cells and fast-spiking interneurons, and that quantal release of glutamate does not 35 significantly impact tonic NMDAR current. 36 37 KEYWORDS 38 N-methyl-D-aspartate receptors; tonic current; miniature EPSCs; fast-spiking 39 interneurons; pyramidal cells; bafilomycin 40 41 42 43
have been hypothesized to contribute to normal neuronal function as well as to neuronal 23 pathology resulting from excessive activation of glutamate receptors (e.g., excitotoxicity). While 24 cortical excitatory cells are very vulnerable to excitotoxic insult, the data regarding resistance of 25 inhibitory cells (or interneurons) are inconsistent. Types of neurons with more pronounced tonic 26 NMDAR current potentially associated with the activation of extrasynaptic NMDARs could be 27 expected to be more vulnerable to excessive activation by glutamate. In this study, we compare 28 tonic activation of NMDARs in excitatory pyramidal cells and inhibitory fast-spiking 29 interneurons in prefrontal cortical slices. We assessed tonic NMDAR current by measuring 30 holding current shift as well as noise reduction following NMDAR blockade after removal of 31 spontaneous glutamate release. In addition, we compared NMDAR miniature EPSCs in both cell 32 types. We demonstrate for the first time that tonic NMDAR currents are present in inhibitory 33 In this study, we measured tonic NMDAR current in pyramidal cells and PV-positive/FS 103 interneurons in the prefrontal cortex, a brain region that exhibits substantial cell loss associated 104 with excitotoxicity and oxidative stress in a number of neurological disorders (Hof and Morrison 105 (Molecular Devices Corporation, Sunnyvale, CA). To characterize the membrane properties of 157 neurons, hyper-and depolarizing current steps were applied for 500 ms in 5-10 pA increments at 158 0.5 Hz. Input resistance was measured from the slope of a linear regression fit to the voltage-159 current relation in a voltage range hyperpolarized of resting potential. The membrane time 160 constant was determined by single-exponential fitting to the average voltage responses activated 161 by hyperpolarizing current steps (5-15 pA). A series of depolarizing current steps of gradually 162 increasing amplitude was used to evoke action potentials. Action potential properties were 163 quantified using the first evoked action potential. Peak amplitudes of the action potential and the 164 afterhyperpolarization were measured relative to the action potential threshold. Duration of the 165 action potential was measured at its half amplitude. Firing frequency was calculated in Hz as a 166 ratio between number of action potentials and current step duration. The adaptation ratio was 167 used to describe spike frequency adaptation in spike trains. It was calculated as the ratio between 168 the first and the last interspike interval during a depolarizing current step 60 pA above the 169 rheobase. 170
Tonic NMDAR current was measured first as the shift in baseline produced by the 171 application of NMDAR blocker AP-5. The baseline current was measured in the Statistics 172 package of the Clampfit during five consecutive 0.2 min intervals before the application of AP-5 173 and four minutes after its application (the time point after AP-5 application when baselines reach 174 plateau in all cells with the exception of 6 pyramidal cells and 5 FS interneurons held at +40 mV). Statistical significance of the holding current shift induced by AP-5 application was assessed first, for each individual cell by comparing five values of holding current before and 177 five values after AP-5 application. Only cells with a stable baseline (Standard Deviation < 1 pA 178 for the 5 baseline measurements) at -55 and -80 mV were included in the analysis. We also 179 performed comparison of population means. Tonic current was estimated as the difference in 180 average baseline values before and after application of the antagonist. Tonic NMDAR current 181 was assessed as the change in baseline noise produced by AP-5. Baseline noise was measured in 182 the Statistics package of the Clampfit as the baseline variance during five consecutive 0.2 min 183 intervals before the application of the AP-5 and four minutes after its application. Tonic current 184 variance was estimated as the difference in average variance values before and after application 185 of AP-5. mEPSCs were analyzed using the MiniAnalysis Program (Synaptosoft, Decatur, GA). 186
Peak events were first detected automatically using an amplitude threshold of two times the 187 average RMS noise, which was comparable in pyramidal cells (5.61±0.28 pA) and FS 188 interneurons (5.94±0.32 pA, p>0.1). The relatively high detection threshold for miniature 189 responses may have resulted in some events being undetected. Therefore, the mean amplitude of 190 the analyzed mEPSCs might represent an overestimation, while the frequency could be 191 underestimated. More than 2000 events in each cell were included in the analysis. Charge 192 transfers of mEPSCs were determined as the area (pA*ms = fC) of each miniature response. 193 NMDAR mEPSC mean current was calculated as the mean NMDAR charge transfer of a single 194 mEPSC multiplied by frequency of events (fC *Hz/1000 = pA) in each cell (Potapenko et al. 195 2011). 196 Morphological data analysis 197 During recordings, neurons were filled with the fluorescent dyes Alexa 488 or 568 (0.075%; 198 Molecular Probes) added to the recording pipette solution as previously described (Povysheva et 199 al. 2006 ). Whole-cell recordings were maintained for at least 30 min in order to ensure extensive 200 cell labeling by the dyes. Slices were fixed in ice-cold 4% paraformaldehyde for at least 72 h, 201 then transferred into an anti-freeze solution (ethylene glycol and glycerol in 0.1 M phosphate 202 buffer), and stored in the freezer. Neurons were reconstructed three-dimensionally using an 203 212 Whole cell recordings were performed on visually and electrophysiologically identified FS 213 interneurons and pyramidal cells in layer 2-3 of rat medial prefrontal cortex. FS interneurons 214 were recognized physiologically according to previously described criteria (Kawaguchi 1995) . 215
Results

211
Identification of pyramidal cells and FS interneurons
These cells had a relatively low input resistance (153±6.5 MΩ) and fast membrane time constant 216 (6.3±0.4 ms), and they did not typically show significant sag on their responses to 217 hyperpolarizing current steps ( Fig. 1 , A,D,E). In pyramidal cells, the input resistance was slightly 218 lower (122.3±13.3 MΩ) and membrane time constant was significantly longer (18.8±1.1 ms) 219 compared to FS interneurons (Fig. 1, D and E) . FS interneurons displayed action potentials with 220 a duration (0.75±0.06 ms at half-amplitude) that was about 2.5 times shorter than in pyramidal 221 cells ( First, tonic activation of NMDAR was assessed as the shift in holding current at +40 mV 241 and at near-rest potentials of -80 mV and -55 mV produced by the application of the NMDAR 242 blocker AP-5 (50 μM). These holding potentials were chosen because they permit evaluation of 243 the voltage dependence of NMDARs due to block by external Mg 2+ over a wide range of 244 potentials. NMDAR inhibition by Mg 2+ differs considerably at these three potentials. 245
Experiments were performed in the presence of AMPAR, GABA A R, and voltage-gated sodium 246 channel blockers as well as the NMDAR co-agonist glycine. 247
Whereas at negative potentials baseline was relatively stable in the absence of 248 pharmacological manipulations, at a holding potential of +40 mV there was a slight but steady 249 inward shift of holding current during the course of the experiment. This shift was observed in 6 250 out 12 pyramidal cells and in 5 out of 9 FS interneurons. To minimize contamination of 251 NMDAR tonic current measurements, the inward shift in holding current was measured before 252 application of AP-5, extrapolated, and subtracted from the AP-5-induced shift of holding current.
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To perform the extrapolation, holding current was measured at five time points before AP-5 254 application, and a linear regression was used to project holding current shift at a time point of 5 255 min after the AP-5 application. Importantly, the linear regression extrapolation of the shift 256 coincided with the actual shift of the baseline observed when AP-5 was not applied (Fig. 2, A  257 and B). 258
Quantification of the tonic NMDAR current at the three different holding potentials 259 revealed that its amplitude did not differ significantly between pyramidal cells and FS 260 interneurons ( Significance of AP-5-induced change of holding current was also estimated for the population 269 means at -80 mV (p<0.01, n=6 for pyramidal cells, p<0.001, n=6 for FS interneurons (see 270 Methods). Similar to tonic current at +40 mV holding potential, tonic NMDAR current was not 271 different in pyramidal cells and FS interneurons at -55 mV (n=8 and 7) and at -80 mV (n=6 and 272 6) holding potentials ( Fig. 2E ). 273
We next addressed potential effect of tonic NMDAR current on spiking behavior of 274 pyramidal cells and FS interneurons. Depolarizing current pulses were used to induce action 275 potentials. Action potential firing frequency was estimated before and after inhibition by AP-5 of 276 intensity (10 pA above rheobase current) and high intensity (60 pA above rheobase current). At 278 both current intensities, AP-5 did not change firing frequency in pyramidal cells (n=4) and FS 279 interneurons (n=4) (Fig. 2F ). Although these results suggest that tonic NMDAR current does not 280 regulate responses to steady current injections under these experimental conditions, it may play 281 important roles under other circumstances (see Discussion). 282 assessment of tonic NMDAR current as an AP-5-dependent noise reduction, it was critical to 293 eliminate NMDAR mEPSCs that could potentially be present in both pyramidal cells and FS 294 interneurons. To investigate the potential impact of spontaneous action potential-independent 295 vesicular release of glutamate on our measurements of tonic current, we first characterized 296 NMDAR mEPSCs in pyramidal cells and FS interneurons ( Fig. 3 ). After that, tonic current was 297 evaluated using both holding current and current noise measurements in the absence of 298 spontaneous action potential-independent vesicular release of glutamate ( Fig. 4) . We found that AP-5 (50 μM) produced a decrease in charge transfer mediated by 317 mEPSCs in all the cells tested, and digital subtraction of averaged mEPSC ((average mEPSC 318 before AP-5) -(average mEPSC after AP-5)) revealed an NMDAR component in both cell types 319 ( Fig. 3, B-D) . Importantly, mini NMDAR EPSCs had larger average charge transfer in pyramidal 320 cells than in interneurons (Fig. 3, C and D) , which is in accord with several previous studies 321
Assessment of NMDAR-mediated tonic current after blockade of action
showing that the NMDAR component of synaptic responses is smaller in FS interneurons than in 322 However, to make a proper assessment of the contribution of NMDAR mEPSCs to the AP-5-324 dependent shift in holding current, it is necessary to take into consideration not only the 325 magnitude of NMDAR mEPSCs but also their frequency. We found that the estimated frequency 326 of mEPSCs was larger in FS interneurons than in pyramidal cells (Fig. 3, A and E) . Based on 327 these data, the smaller NMDAR component of FS interneuron mEPSCs could potentially be 328 compensated for by the higher mEPSC frequency in FS interneurons than in pyramidal cells. 329
Indeed, assuming that the contribution of silent synapses is negligible and that mEPSCs are 330 similarly detectable in both cell types, the estimated mean current contributed by NMDAR 331 mEPSCs (mean NMDAR-mediated charge per mEPSC multiplied by frequency of mEPSCs, 332 calculated separately for each cell) was comparable in pyramidal cells and FS interneurons ( Fig.  333 3F). 334
Assessment of NMDAR tonic current in bafilomycin-treated pyramidal cells and FS 335
interneurons. 336
To assess tonic NMDAR current using both holding current and current noise measurements in 337 the absence of spontaneous action potential-independent vesicular release of glutamate, 338 bafilomycin was used. This drug inhibits the vacuolar type ATPase (H + -ATPase), and thus 339 prevents uptake of both glutamate and GABA into synaptic vesicles (Drose and Altendorf 1997). it was important to establish that the level of vesicular glutamate was also insufficient to activate 352
NMDARs. Miniature NMDAR EPSCs that could be observed at a holding potential of +40 mV 353 in the presence of AMPAR, GABA A R and voltage-gated Na + channel blockers were completely 354 abolished after incubation of slices with bafilomycin ( Fig. 4 Ab) . 355
To assess tonic NMDAR current in the absence of spontaneous synaptic activity we 356 measured, first, noise reduction induced by AP-5 application, and, second, the shift in holding 357 current after AP-5 application. We made both measurements at holding potentials of + 40 mV 358 and -55 mV; measurements at -80 mV were not included because at -80 mV, NMDAR blockade 359 resulted in a very small shift of holding current. 360
Both pyramidal cells and FS interneurons incubated in bafilomycin exhibited 361 significantly less baseline noise at a holding potential of +40 mV (80% and 77% reduction in 362 population variances, p<0.001) than the cells recorded in bafilomycin-free solution (Fig. 4B) , 363 demonstrating the substantial contribution of NMDAR mEPSCs to noise measurements. In the 364 absence of synaptic events, we assessed tonic NMDAR activation in pyramidal cells and FS 365 interneurons by measuring baseline noise variance before and after AP-5 application (Fig. 4, C  366 and D). In accord with the existence of tonic NMDAR current, AP-5 reduced background noise 367 in both cell types at holding potentials of +40 mV and -55 mV. Noise reduction at -55 mV was 368 substantially less than at +40 mV but still significant (p<0.01). The observation that tonic 369 NMDAR current noise reduction showed an almost 6-fold difference between the potentials of 370 +40 mV and -55 mV corresponds well to the voltage dependence of NMDAR-mediated current. 371
Comparison of tonic NMDAR current noise reduction in pyramidal cells and FS interneurons 372 showed no difference between these two cell types (Fig. 4, C and D) , thus confirming that tonic 373 NMDAR activation is comparable in pyramidal cells and FS interneurons. baseline drift at +40 mV demonstrated in Fig. 2 , A-C also was applied to measurements in 380 bafilomycin). The amplitude of this shift was indistinguishable between cell types (Fig. 4 , E and 381 F). Tonic NMDAR current of a much lesser amplitude than that at + 40 mV but still significant 382 (p<0.01) was observed in pyramidal cells and FS interneurons at a holding potential of -55 mV. 383 Importantly, at +40 mV and at -55 mV holding potential, the AP-5 dependent shift in holding 384 current was comparable in the presence and in the absence of bafilomycin in both cell types ( In this study, we assessed tonic NMDAR current in pyramidal cells and FS interneurons using 406 two different approaches. First, tonic NMDAR current magnitude was evaluated as the shift in 407 holding current following NMDAR antagonist bath application. Second, tonic NMDAR current 408 was assessed as the difference in baseline noise produced by NMDAR antagonist application. 409
Our data unequivocally show that the magnitude of tonic NMDAR-mediated current is 410 comparable in pyramidal cells and FS interneurons. Thus, the amount of tonic NMDAR current 411 does not define potential differences in excitotoxic vulnerability in pyramidal cells and FS 412 interneurons. 413 414 Two alternative approaches were used to assess tonic NMDAR current in pyramidal cells and FS 415 interneurons. First, it was assessed as the shift in holding current resulting from AP-5 416 application. Second, AP-5-associated change in a background noise was quantified. Both of 417 these approaches have caveats. When the cells were depolarized to +40 mV, we waited until 418 holding current became relatively stable for at least 5 min, and only after that was AP-5 bath-419
Assessment of tonic NMDAR current: methodological caveats
applied. Yet, in some cells, we observed a slight steady drift in the holding current that could 420 potentially artifactually add to the effects of AP-5. This drift may result from incomplete 421 blockade of potassium channels by Cs + , or from current through slowly inactivating Cs + -422 insensitive channel. To compensate for this drift, we used linear extrapolation of the initial 423 measured drift in holding current to estimate the magnitude of the drift when holding current was application. The accuracy of the compensation was verified in control experiments in which no 426 AP-5 was applied. Thus, we compensated for the NMDAR-related shift in holding current. 
NMDAR-associated differences and similarities in FS interneurons and
514 pyramidal cells 515 In this study, we showed that tonic NMDAR current assessed using two different approaches, 516 baseline noise (Fig. 4) , was comparable in pyramidal cells and FS interneurons. In addition, the 518 similar voltage dependence of tonic current in pyramidal cells and FS interneurons ( Fig. 2E ) 519 suggests that there is not a substantial difference in GluN2A/B vs. C/D subunit expression 520 between the two cell types. Our measurements of tonic NMDAR current in pyramidal cells at 521 +40 mV are in accord with the measurements performed previously in hippocampal pyramidal 522 cells (Le Meur et al. 2007) . In this study, for the first time, tonic NMDAR current was measured 523 in FS/PV interneurons. 524
It was shown previously that NMDAR mEPSCs could be recorded in neocortical 525 pyramidal cells in physiological Mg 2+ (Espinosa and Kavalali 2009). In this study, NMDAR 526 mEPSCs were compared in the two cell types in 1 mM Mg 2+ . We found that the average charge 527 transfer per NMDAR mEPSC was less in FS interneurons than in pyramidal cells (Fig. 3, B and 528 C), but that mEPSC frequency was higher in FS interneurons. As a result, the mean current 529 contributed by NMDAR mEPSCs was comparable in the two cell types (Fig. 3F) Tonic NMDAR activation in normal and pathological brain 553 Tonic NMDAR current was shown to affect excitability of pyramidal cells: blocking the 554 tonic current reduced action potential firing frequency and functional coupling between dendritic 555 and somatic compartments of CA1 neurons (Sah et al. 1989 ). However, LeMeur and co-workers 556 failed to observe a change in action potential discharge of CA1 neurons with NMDAR blockade 557 (Le Meur et al. 2007) . Similarly, in the present study, application of AP-5 did not result in 558 reduction of firing frequency in either pyramidal cells or FS interneurons stimulated by 559 depolarizing current pulses at resting membrane potential ( Supplementary Fig. 1 shown previously that tonic NMDAR activation resulting from reduction of extracellular Mg 2+ 583 impaired long-term potentiation in hippocampal slices (Frankiewicz and Parsons 1999) . In 584 addition, some of the beneficial effects of neuroprotective drug memantine are thought to be 585 based on its ability to block extrasynaptic (presumably responsible for tonic current) versus 586 synaptic NMDARs, the effect shown in recent study by Xia et al. (2010) 
